Purpose Exercise decreases pain sensitivity known as exercise-induced hypoalgesia (EIH). However, the consistency of EIH after an acute exercise protocol based on subjective ratings of perceived exertion has been questioned. Objectives were to compare the effect on pressure pain thresholds (PPTs) after bicycling with work-rate at the lactate threshold compared with quiet rest, and investigate between-session reliability of EIH. Methods Thirty-four healthy subjects completed three sessions with 7 days in-between. In session 1, the lactate threshold was determined via blood samples (finger-tip pinprick, > 2 mmol/l increase from warm-up) during a graded bicycling task. In session 2 and 3, all subjects performed (1) 15 min quiet-rest, and (2) 15 min bicycling (work-rate corresponding to the lactate threshold) in the two identical sessions. PPTs at the quadriceps and trapezius muscles were assessed before and after both conditions. Reliability was assessed by intraclass correlations (ICCs). Results Bicycling increased quadriceps PPT compared with quiet-rest in both sessions [mean difference: 45 kPa (95% CI 19-72 kPa), P = 0.002]; however, the increase in trapezius PPT was not significant after exercise. The EIH responses demonstrated fair between-session test-retest reliability (quadriceps: ICC = 0.45; trapezius: ICC = 0.57, P < 0.05), and agreement in EIH responders and non-responders between sessions was significant (quadriceps: κ = 0.46 and trapezius: κ = 0.43, P < 0.05). Conclusions In conclusion, bicycling at the lactate threshold increased PPT at the exercising muscle with fair reliability of the local EIH response. The results have implications for future EIH studies in subjects with and without pain and for clinicians who design exercise programs for pain relief. 
Introduction
A decrease in the pain sensitivity following an acute bout of exercise also known as exercise-induced hypoalgesia (EIH) has been demonstrated in healthy subjects (Vaegter et al. 2014) . EIH is often demonstrated as an increase in pressure pain threshold (PPT) at exercising or non-exercising/less active muscles, and has been suggested to be an indicator of endogenous pain inhibitory capacity (Lannersten and Kosek 2010) . Reduced EIH responses or even the opposite (i.e.,hyperalgesic) has been demonstrated in subjects with chronic pain compared with pain-free controls (Kosek et al. 1996; Lannersten and Kosek 2010) . In addition to the discriminative value of EIH between subjects with chronic pain compared with pain-free controls, the EIH response may be related to treatment outcome after exercises (Fingleton et al. 2017 ) and surgery (Vaegter et al. 2017) indicating clinical utility. Ensuring clinical applicability, adequate validity and test-retest reliability is an essential prerequisite, but such knowledge on EIH is sparse.
Only few studies have previously investigated test-retest reliability of the EIH response after exercises. In two different studies, Vaegter and colleagues (Vaegter et al. 2018a, b) found that an isometric wall squat exercise and an aerobic incremental aerobic bicycling exercise, with a work-rate based on subjective ratings of perceived exertion, increased PPTs at exercising and non-exercising/ less active muscles in two sessions separated by 1 week compared with a quiet-rest control condition, however the EIH responses demonstrated only fair between-sessions test-retest reliability (based on intraclass correlations [ICCs] ), and the agreement in classification of EIH responders and non-responders between sessions was not significant. As subjective ratings of perceived exertion during aerobic exercise varies significantly over identical bicycling trials (Micalos et al. 2004; Vaegter et al. 2018a) , it could be hypothesized that an exercise protocol based on an objectively defined exercise work-rate would improve the reliability of the EIH responses.
Several objective measures have been related to aerobic exercise performance (Jacobs et al. 2011 ) including lactate threshold. The lactate threshold is defined as the exercise work-rate beyond which the blood-lactate concentration [La-] b increases more rapidly (Wasserman et al. 1973) , often occurring at exercise intensities above 50% VO 2max (Buono and Yeager 1986) , and lactate threshold can be used to accurately prescribe exercise work-rate. In healthy subjects as well as patient populations, the lactate threshold appears to be a better predictor of exercise capacity than VO 2max (Bentley et al. 2007; Coyle et al. 1983) . Moreover, as determination of VO 2max requires intense exhaustion of the investigated subject it may be difficult to attain in subjects with chronic pain. In addition, whether exercise at lactate threshold induces hypoalgesia has not previously been investigated.
This study investigated (1) the hypoalgesic response at the quadriceps femoris (exercising muscle) and the upper trapezius muscle (non-exercising/less active muscle) after a 15 min bicycling exercise with a work-rate corresponding to the lactate threshold compared with a 15 min resting condition in healthy subjects, (2) the between-session test-retest reliability of the test stimulus (PPT) and the EIH responses at exercising and non-exercising/less active muscles based on ICC values, and (3) the absolute between-session test-retest reliability based on agreement in classification of EIH responders and non-responders between sessions. It was hypothesized that (1) the exercise protocol increase PPTs at exercising and non-exercising/less active muscles compared with the resting condition, (2) PPTs and EIH demonstrate acceptable relative test-retest reliability, and (3) the classification of EIH responders and non-responders show significant agreement between sessions.
Materials and methods

Subjects
In total, 37 healthy subjects were recruited by advertisement at the local university college, and through social media. This study was conducted in accordance with the Declaration of Helsinki, approved by the local ethical committee (S-20170129) , and all subjects provided written informed consent. None of the included subjects suffering from neurological, psychological, cardiovascular diseases, had any pain or used any pain medication during the weeks prior to participation. Three subjects had scheduling conflicts during the study period and did not attend all sessions. Thus, 34 healthy subjects [25.3 ± 3.2 (standard deviation) years old; (range 22-40 years); average body mass index (BMI) 25.3 ± 4.0 kg/m 2 (range 19.9-34.7); 9 left-handed; 16 women] were included. All subjects were asked to refrain from physical exercises, coffee, and alcohol on the days of participation.
Procedure
The experiment comprised three sessions. In session 1, subjects were (1) verbally introduced to the procedures and familiarized with the assessment of pressure pain threshold (PPT) at 2 body sites including the sites used in session 2 and session 3, and (2) the lactate threshold was determined sequentially via blood samples from finger-tip pinprick during a graded bicycling exercise task. In session 2 and 3, PPTs 1 3
were initially recorded from the dominant thigh and the nondominant shoulder. In addition, all subjects performed a 15 min quiet-rest condition, and a 15 min bicycling exercise in each of the two identical sessions. PPTs were assessed before and immediately after the quiet-rest and exercise conditions. Sessions were performed at the same time of the day and separated by 1 week (Fig. 1) . This time frame was chosen to minimize potential carry-over effects from the pain sensitivity assessments and exertion after physical exercise between sessions as well as avoiding extensive changes in physical fitness level within subjects.
Determination of lactate threshold
The blood-lactate response to a submaximal bicycling exercise was assessed while the subject was seated on an electronically braked standard laboratory bicycle ergometer (Ergomedic 928E, Monark Exercise AB, Vansbro, Sweden). Heart rate (Monark Heart Rate Monitor, Polar Electro, Lake Success, NY, USA) was monitored continuously throughout the test and subjects rated the perceived exertion (RPE) on a Borg's 6-20 scale, with 6 defined as 'no exertion at all' and 20 as 'maximal exertion'. The lactate threshold test was performed continuously in 3-min stages preceded by 5 min of light warm-up. The initial warm-up power output performed at eighty rounds per min (RPM) was selected on the basis of the subject's gender and reported usual training workload (Women, light-tomoderate usual workload: 60 W. Women, high usual workload: 80 W. Men, light-to-moderate usual workload: 80 W. Men, high usual workload: 100 W). This warm-up power output represented a "very light" (Borg scale rating of perceived exertion (RPE) ≤ 9) workload for 23 of the subjects and "light" (Borg scale rating of perceived exertion (RPE) ≤ 11) for 11 of the subjects. Increments in power output were also selected based on gender and reported usual training workload (Women, light-to- (Bonaventura et al. 2015) . The lactate threshold test was terminated when [La-] b began to rise exponentially (> 2 mmol/l from the value at rest followed by an additional increase > 2 mmol/l in the subsequent recording) ensuring that all subjects reached 4 mmol/l, which is known as the onset of blood-lactate accumulation (Kinderman et al. 1979; Sjodin et al. 1981; Heck et al. 1985) . Since the [La-] b value at lactate threshold may vary between subjects (Stegman et al. 1981 ) an increase in [La-] b > 2 mmol/l from the concentration after warm-up was used as lactate threshold instead of using a fixed [La-] b value. Prior to the lactate threshold test, subjects were instructed not to do any intense or long-duration exhausting exercises in the preceding 24 h, not to change their normal dietary program throughout the study period, and to arrive 10 min ahead of their scheduled test time. Fig. 1 Illustration of the experimental procedure performed on the three testing days. The pressure pain thresholds (PPT) familiarization procedure and determination of lactate threshold was performed in session 1. PPTs were assessed on two assessment sites (quadriceps and upper trapezius) before and immediately after rest and bicycling in session 2 and session 3
Pressure pain threshold assessment
PPTs were assessed with a handheld pressure algometer (Somedic Sales AB, Sweden) with a stimulation area of 1 cm 2 , and a pressure rate increase at approximately 30 kPa/s at the middle of the exercising dominant quadriceps muscle (15 cm proximal to the base of patella), and at the nonexercising/less active non-dominant upper trapezius muscle (10 cm from the acromion in direct line with the neck). Subjects were instructed to press a button when the pressure was perceived as the first sensation of minimal pain, and the pressure intensity defined the PPT. Two PPT assessments with 20 s intervals between assessments were completed for each site and the average was used for analysis. The first PPT assessment at the quadriceps muscle was always performed first followed by the first PPT assessment at the trapezius. The order was then reversed for the second assessment. Subjects were seated on a plinth without foot support and with both arms resting on the thighs during assessments.
Quiet-rest and bicycling conditions
In the quiet-rest conditions, subjects were instructed to relax in a seated position in a comfortable armchair for 15 min in a temperate and quiet room. Subjects performed two 15-min bicycling exercise conditions, in session 2 and session 3, respectively. The seat post of the stationary cycle (Ergomedic 928E, Monark Exercise AB, Vansbro, Sweden) was adjusted so that the subject had approximately five-degree bend at the knee during the bottom phase of the pedal stroke. A heart rate monitor (Monark Heart Rate Monitor, Polar Electro, Lake Success, NY, USA) was strapped around the subject's chest. Just before the exercise condition the subject was instructed to rate pain intensity in the legs on a 0-10 numerical rating scale (NRS), with 0 defined as 'no pain' and 10 'as worst imaginable pain', and rating of perceived exertion (RPE) on Borg's 6-20 scale, with 6 defined as 'no exertion at all' and 20 as 'maximal exertion'. In session 2 and session 3, the bicycling work-rate was initially set to 50% of the lactate threshold. After 2.5 min of bicycling the resistance was increased to 75% of the lactate threshold, and after 5 min of bicycling the resistance was set to 100% of the lactate threshold whereafter the subject continued bicycling at that work-rate for the remaining time. Subjects were instructed to maintain a pedal rate as close to 75 rounds per min (RPM) as possible throughout the 15-min bicycling exercise. Heart rate, pain intensity in the legs, and RPE were assessed after 2, 4, 6, 9, 12, and 15 min.
Statistics
Results are presented as mean and standard deviation (SD) in the text and as mean and standard error of the mean (SEM) in figures. The distribution of PPTs across sessions did not deviate significantly from normality (Shapiro-Wilks test: P > 0.16). The effect of sessions and gender on baseline PPTs was analyzed with a mixed-model analysis of variances (ANOVAs) with session (session 2 and session 3) and assessment site (quadriceps and trapezius) as within subject factor and sex as between-subject factor.
Changes in PPTs after bicycling and rest were compared in a repeated-measures ANOVA (RM-ANOVA) with session (session 2 and session 3), condition (exercise and rest), and assessment site (quadriceps and trapezius) as within subject factors, and sex as between-subject factor. Analyses were performed on absolute change (PPT-after minus PPT-before) and relative change ((PPT-after minus PPT-before)/PPTbefore × 100%) in PPTs. Comparison of exercise parameters between session 2 and session 3 (NRS scores, RPE, and heart rate) were analyzed with RM-ANOVAs with session (session 2 and session 3), and time (0, 2, 4, 6, 9, 12, and 15 min) as within subject factors and sex as between-subject factor. P values less than 0.05 were considered significant. In case of significant factors or interactions in RM-ANOVAs, Bonferroni correction post-hoc test (paired t-tests) were used to correct for multiple comparisons. Pearson's correlational analyses were performed to determine possible associations between the EIH responses and the peak NRS pain scores, heart rate, and RPE during exercise. Due to multiple correlational analyses, P values equal to or less than 0.002 (0.05 / 28) were considered significant for the correlations.
For assessment of test-retest reliability of PPTs (withinsession and between-session) and EIH (between-session), the systematic error between sets of PPT assessments (within-session: before and after rest in second and third session; between-session: baseline second and third session) and EIH responses (between-session: absolute change in PPTs after exercise in second and third session) were determined using RM-ANOVAs. Pearsons r and intraclass correlations (ICCs) based on a single rating, consistency, twoway mixed effect model were used reflecting the ability of the PPTs and EIH responses to differentiate values between individuals. An ICC above 0.75 was taken as excellent reliability, 0.40-0.75 was fair-to-good reliability, and less than 0.40 defined poor reliability (Shrout and Fleiss 1979) .
Agreement in classification of EIH responders and EIH non-responders between session 2 and session 3, were assessed by the standard error of PPT measurement used as classifier as some of the changes in PPT in response to exercise may be due to measurement error. The SEM for repeated PPTs assessment (before and after rest) in session 2 and session 3 were estimated as the square root of the mean square error term in the RM-ANOVA output (Weir 2005) . Subjects who had an increase in PPTs after exercise, which was larger than 1xSEM of the PPTs, were classified as EIH responders and subjects who did not have an increase in PPTs after exercise larger than 1× SEM of the PPTs were classified as EIH non-responders. Agreement in the frequency of EIH responders and EIH non-responders between sessions was compared with Cohen's kappa coefficient. Data were analyzed using SPSS Statistics, version 24 (IBM, Armonk, NY, USA).
Results
Pain thresholds at baseline
In sessions 2 and 3, baseline PPTs were higher in men (quadriceps: 498 ± 120 kPa, 572 ± 162 kPa and trapezius: 297 ± 76 kPa, 310 ± 86 kPa) compared with women [quadriceps: 429 ± 145 kPa, 448 ± 168 kPa and trapezius: 223 ± 77 kPa, 243 ± 91 kPa; ANOVA: F(1,32) = 6.29, P = 0.017]. Moreover, a significant main effect of assessment site was found [ANOVA: F(1,32) = 183.13, P < 0.001] with post-hoc test showing that PPT at the quadriceps muscle was significantly higher compared with PPT at the trapezius muscle (P < 0.001).
Lactate threshold
The [La-] b was increased after warm-up (1.8 ± 0.7 mmol/l) compared with rest (1.4 ± 0.4 mmol/l; ANOVA: F(1,33) = 10.50, P = 0.003), but not significantly different between women and men (P = 0.95). The median number of 3-min workload stages during lactate-threshold determination was 6 (range: 4-9), and the corresponding [La-] b when the test was terminated was not significantly different between women (6.3 ± 1.1 mmol/l) and men (6.2 ± 1.2 mmol/l; P = 0.81). Mean work-rate at the lactate threshold was 151 ± 39 W. The exercise workrate determined at the lactate threshold was larger in men (166 ± 43 W) compared with women (135 ± 29 W; P = 0.02).
Comparison of bicycling and rest
The ANOVAs of absolute and relative change in PPTs after bicycling and rest demonstrated a significant interaction between conditions and assessment sites ( Fig. 2 ; ANOVA: F(1,33) = 8.30, P = 0.007) with post-hoc test showing a larger increase in PPT at the exercising quadriceps muscle (session 2: 13.5%; session 3: 15.7%) after bicycling in both sessions compared with the resting condition [mean difference: 45 kPa (95% CI 19-72 kPa), P = 0.002]. No significant difference between bicycling (session 2: 4.6%; session 3: 5.8%) and rest (session 2: 5.9%; session 3: 7.4%) was found at the non-exercising/less active trapezius muscle (P = 0.81). No significant absolute or relative changes in PPTs after bicycling [F(1,32) < 1.28, P > 0.27] were found between women and men.
Comparison of exercise parameters between sessions
The work-rate of bicycling in the two sessions did not differ as identical protocols were used; however, a significant effect of gender was found with higher exercise work-rate in men compared with women [mean difference: 23.1 W (95% CI 3.7-42.5); Fig. 3a , ANOVA: F(1,32) = 5.86, P = 0.021].
Heart rate during exercise increased over time [Fig. 3b, F(6, 192) = 908.25, P < 0.001] with post-hoc test showing progressively increasing higher heart rate among all time points (P < 0.001). Moreover, heart rate during exercise was higher in women compared with men [mean difference: 11.5 beats/min (95% CI 3.7-19.2); ANOVA: F(1,32) = 9.01, P = 0.005]. No significant difference in heart rate between sessions were found [ANOVA: F(1,32) = 0.88, P = 0.36].
Rating of perceived exertion was increased over time [Fig. 3c; ANOVA: F(6, 192 The NRS ratings of leg-pain intensity during bicycling increased over time [Fig. 3d; ANOVA: F(6, 192) over time (all time points, P < 0.001) except between the first two assessments (0 min and 2 min). Moreover, a difference was found in reported NRS pain scores between session 2 and session 3 [ANOVA: F(1,32) = 8.64, P = 0.006] with higher pain NRS scores in session 2 compared with session 3 [mean NRS difference: 0.25 (95% CI 0.08-0.42); P = 0.006]. No significant difference in peak NRS scores of pain intensity between session 2 (2.5 ± 2.0) and session 3 (2.2 ± 2.0; P = 0.08), and between men and women were found (P = 0.48).
Significant correlations were found between peak HR and the change in PPT at the trapezius muscle after exercise in both sessions, which could indicate a link between a baroreceptor mechanism and EIH. Moreover, both the absolute and relative change in PPT at the quadriceps muscle was significantly associated with the change in PPT at the trapezius muscle after exercise in session 2 suggesting that subjects with the largest local EIH response also exhibited the largest systemic EIH response. In session 3, this association was not significant. However, after adjusting for multiple correlations, all associations between the EIH responses at the quadriceps or trapezius muscles and the peak NRS pain scores, heart rate, and RPE during exercise turned insignificant (Table 1) .
Test-retest reliability of PPTs and EIH
Within-session test-retest reliability of PPT at the quadriceps muscle showed no systematic errors between two repeated assessments separated by 15 min of quiet rest, although the difference in session 3 approached significance [ANOVA: F(1,33) < 3.80, P > 0.06]; assessments were strongly correlated (r ≥ 0.91), and ICCs were excellent with values ≥ 0.95 (Table 2) . However, within-session test-retest reliability of PPT at the trapezius muscle showed higher PPT after rest compared with before rest in both sessions [ANOVA: F(1,33) > 6.21, P > 0.02]; assessments were 3 Mean (± SEM, n = 34) exercise work-rate (a), heart rate (b), rating of perceived exertion (c), and numerical rating scale (NRS) scores of leg-pain intensity (d) assessed during exercise in session 2 and session 3. As exercise work-rate and heart rate was not significantly different between session 2 and session 3, the mean of sessions are presented. Significantly different between women and men (*P < 0.05). Significantly different compared with the other session ( † P < 0.05)
Table 1
Pearson's correlations between absolute and relative change in PPTs after exercise, peak heart rate (HR), peak rating of perceived exertion (RPE), and peak muscle-pain intensity (NRS) during exercise in the two sessions Due to multiple correlational analyses, P values equal to or less than 0.002 (0.05/24) were considered significant Between-session test-retest reliability of PPT at the quadriceps and trapezius muscles, respectively, showed no systematic errors, although the PPT quadriceps difference between sessions approached significance [ANOVA: F(1,33) < 4.04, P > 0.05], which was also reflected in the 95% CI of the mean differences, where zero lies within the interval. Moreover, between-sessions assessments were moderately correlated (r ≥ 0.62), and ICCs were excellent with values ≥ 0.76 for both sites (Table 3) .
No systematic errors in EIH at the quadriceps and trapezius muscles between sessions were found [ANOVA: F(1,33) = 1.41, P > 0.24], and between-session test-retest reliability of EIH at the quadriceps (local EIH) and trapezius (remote EIH) muscles were fair-to-good with ICCs of 0.45 and 0.57, respectively (Table 3) .
Change in PPTs after exercise considered as an EIH responder
The minimal differences needed between two PPT assessments separated by 15 min on a subject for the difference in the PPT for a subject to be considered an EIH responder were 43 kPa and 57 kPa for quadriceps and 19 kPa and 27 kPa on trapezius in session 2 and session 3, respectively (Table 2) . Nineteen and 20 subjects demonstrated increases in PPT at the quadriceps muscle larger than 1xSEM in session 2 and session 3, respectively. Fifteen subjects were classified as local EIH responders in both sessions, and ten subjects were consistently classified as EIH non-responders [ Table 4 ; κ = 0.46 (95% CI 0.17 to 0.75), P = 0.007]. Twelve and 13 subjects demonstrated increases in PPT at the trapezius muscle larger than 1xSEM at session 2 and session 3, respectively. Eight subjects were classified as EIH responders in both sessions, and seventeen subjects were consistently classified as EIH non-responders in both sessions [ Table 4 ; κ = 0.43 (95% CI 0.11 to 0.74), P = 0.012].
Discussion
As hypothesized, the bicycling exercise significantly increased PPT at the exercising quadriceps muscle in both sessions compared with a duration-matched quiet rest control condition; however, contrary to the hypothesis the Table 2 Within-session test-retest reliability for pressure pain threshold at the dominant quadriceps and non-dominant upper trapezius muscles before and after the quiet-rest condition
Variable
Before rest, mean ± SD (95% CI)
After rest, mean ± SD (95% CI)
Within-session difference, mean ± SD (95% Table 3 Between-session relative test-retest reliability for baseline pressure pain threshold (PPT) and exercise-induced hypoalgesia (EIH) assessed at the dominant quadriceps and non-dominant upper trapezius muscles as absolute change in PPT at session 2 and session 3 Variable Session 2, mean ± SD (95% CI)
Session 3, mean ± SD (95% CI)
Between-session difference, mean ± SD (95% CI) increase in trapezius PPT was not significantly different after exercise and quiet-rest. The EIH response at exercising and non-exercising/less active muscles demonstrated fair-togood between-session test-retest reliability. In addition, the agreement in EIH responders and non-responders between sessions was significant. Assessment of PPTs showed excellent within-session and between-session test-retest reliability.
EIH after bicycling
Bicycling at individual-based lactate threshold work-rate increased PPT at the exercising quadriceps muscle, which is in accordance with previous research on local versus remote effects after aerobic exercise (Vaegter et al. 2014 (Vaegter et al. , 2018a . However, rather unexpected the bicycling exercise did not have specific exercise-related effects on the non-exercising/ less active muscle compared with quiet rest. These findings indicate that hypoalgesia, after the exercise protocol used in this study, is primarily related to activation of local or segmental pain inhibitory mechanisms, and not systemic pain inhibitory mechanisms with widespread antinociceptive effects demonstrated for other aerobic exercise protocols (Ellingson et al. 2014; Vaegter et al. 2014 Vaegter et al. , 2015 Vaegter et al. , 2018a . Hypoalgesia at the exercising muscle could be related to the Gate Control Theory (Melzack and Wall 1965) , where limb movement during exercise may excite large-diameter afferent nerve fibers inhibiting nociceptive. Interestingly, in healthy subjects, passive movements induced hypoalgesia compared with a control condition, indicating a potential role of joint movement or proprioception in EIH (Nielsen et al. 2009 ). However, if this was the main mechanism, aerobic exercise at a low work-rate would also be expected to produce hypoalgesia in the exercising body parts, which is often not the case in healthy subjects (Vaegter et al. 2014 ).
Lack of increase in PPT at a remote/non-exercising site after moderate work-rate aerobic exercise as used in this study are in agreement with a previous study demonstrating increases in PPT only after vigorous work-rate exercise (Naugle et al. 2014) . The lack of a multisegmental hypoalgesic response after exercise in this study may be related to the relatively low pain intensity experienced during the exercise condition which was nearly half compared with pain intensity experienced during bicycling protocols used previously (Vaegter et al. 2018a ). Based on a previous EIH dose-response study (Vaegter et al. 2014) , the work-rate of the exact lactate threshold was chosen to ensure that the exercise work-rate was high enough to induce hypoalgesia, but not so high that the influence of a higher peak muscle pain due to lactic acid build up would potentially influence the hypoalgesic response due to CPM effects. Previous studies have demonstrated a link between EIH after aerobic exercise and the 'pain inhibits pain' mechanisms. Ellingson and colleagues showed that EIH after bicycling was greater following painful exercise than non-painful exercise (Ellingson et al. 2014) , and this hypothesis is further supported by studies in chronic pain patients finding an association between reduced EIH and reduced CPM (Fingleton et al. 2017; Vaegter et al. 2016) . In contrast to these findings, a recent EIH study showed a larger EIH response in a session when less pain was experienced during bicycling exercise compared to a session where more intense pain was reported during exercise (Vaegter et al. 2018a) . Although the reduced muscle pain rating may be associated with the larger EIH response, thus supporting the hypothesis of shared mechanisms, further research on the mechanisms of EIH is warranted. In addition, as the work-rate chosen in this study may have been too low to induce hypoalgesia at the non-exercising/ less active trapezius muscle, future studies might want to investigate test-retest reliability of EIH at e.g., 120% of lactate threshold. It should also be noted that several different incremental cycling protocols that can be modified in terms of starting and subsequent work rates, increments, and duration of each stage have been described for determination of [La-] b , and it has previously been shown that modification of these parameters might influence the physiological variables tested including the lactate threshold (Bentley et al. 2007 ). The EIH responses did not differ between women and men, which is in agreement with previous studies showing comparable EIH responses in men and women (Hoffman et al. 2004; Kosek and Lundberg 2003; Vaegter et al. 2015) . However, other studies have shown larger effects in women (Koltyn et al. 2001; Sternberg et al. 2001) , and limitations regarding the gender effects should be considered. First of all, this study was not powered to detect potential gender differences as it was not the primary aim. Moreover, no data were collected on menstrual cycle or the use of contraceptives which may affect pain perception in women (Riley et al. 1999) . However, different phases of the menstrual cycle do not appear to influence the magnitude of the EIH response in women (Hoeger Bement et al. 2009 ).
Reliability of PPT and EIH
Although the results showed some systematic bias for quadriceps in session 3 and for trapezius in both sessions, the within-session (before and after rest) and betweensession test-retest reliability for PPTs at the quadriceps and trapezius muscles demonstrated excellent ICC values (> 0.75) suggesting that PPT is a reliable quantitative method to assess muscle pain sensitivity in humans. This finding is in accordance with previous PPT reliability studies reporting good-to-excellent ICC values (GravenNielsen et al. 2015; Vaegter et al. 2016 Vaegter et al. , 2018a . Moreover, the SEM reported for PPTs at the quadriceps and trapezius muscles in this study was smaller than previously shown at the same muscles within a similar retest period of 15 min (Vaegter et al. 2018a) , indicating that the inclusion of an initial familiarization session reduces the measurement error, which are in agreement with previous findings (Balaguier et al. 2016) . It should be noted that one of the main limitations of this study were the non-randomized order between quiet rest and exercise as that SEM for the PPTs were determined based on the quiet-rest control condition which was performed before the bicycling condition in session 2 and session 3. In case, the within-session variability in PPTs decreases over time due to a training effect of repeated assessments, the SEM could be overestimated. Finally, although not consistently significant, some variation was observed in PPT at the trapezius muscle with increasing PPT after rest. The fact that the increase in PPT after rest was only for the trapezius muscle and not the quadriceps muscle suggests that it was not related to contextual factors like anxiety due to the procedures, or distraction during assessment. One potential reason could be related to a larger habituation effect at this muscle (compared with the quadriceps muscle) which further supports the inclusion of a control condition when investigating EIH but also the responder/non-responder approach.
The EIH response produced at the exercising quadriceps muscle after the bicycling exercise were comparable between the two sessions, and the between-session test-retest reliability for EIH showed a fair-to-good ICC value. Moreover, the agreement in classification of EIH responders and non-responders with 1xSEM of the PPTs as classifier between sessions was significant, indicating improved reliability of this exercise protocol compared to a previous aerobic exercise protocol (Vaegter et al. 2018a) .
Although the increase in PPT at the non-exercising/ less active muscle was comparable between bicycling and rest, the reliability of the systemic EIH response was fair-to-good ICC, and the agreement in classification of EIH responders and non-responders between sessions was significant. These findings could indicate that although the aerobic exercise protocol did not induce multisegmental hypoalgesia on a group level, approximately 30% of the included subjects consistently had a systemic EIH response across sessions.
Despite significant agreement in classification between EIH responders and non-responders between sessions, 25% of the subjects (n = 9) had discrepancies in their EIH classification between sessions. This could be influenced by training effects (e.g., performing the first test serves as practice for subsequent tests) as more subjects were classified as EIH responders in session 3 than in session 2. Significant differences between session 2 and session 3 in leg-pain intensity and ratings of exertion during exercise may also influence the results. Interestingly, no systematic errors in EIH at the quadriceps and trapezius muscles between sessions were found although RPE and muscle-pain intensity was significantly reduced in session 3 compared with session 2, suggesting that pain during exercise did not play a significant role in the magnitude of the EIH with this exercise protocol. In support of this, no significant associations were found between the EIH responses and the RPE or muscle pain during exercise. Further standardization of these factors should be investigated in future EIH-reliability studies. Moreover, although increases in PPTs are observed rather consistently after exercises, other aspects of the pain experience (e.g., pain tolerance) may be modulated more reliably by exercise, and should be investigated in the future.
Conclusions
A short bicycling exercise at the individual-based lactate threshold increased PPT at the exercising muscle compared with a duration-matched control condition. The EIH response showed fair-to-good between-session reliability, and the classification of EIH responders and non-responders between sessions were significant. Strict standardization procedures in relation to the exercise protocol seem to increase the reliability of the EIH response compared to previous studies (Vaegter et al. 2018a) , and this should be considered in future EIH studies. The results have implications for future EIH studies in subjects with and without pain and for clinicians who design exercise programs for pain relief. Future research is warranted to investigate the applicability of these findings in a clinical pain-population.
